Computer simulation is a powerful tool for analyzing the geometry of three-dimensional microstructure.
INTRODUCTION
to freely overlap to any extent [9] . Figure  2 shows a schematic representation of a two-dimen- 
Descriptors of spatial arrangement of particle centroids
An important descriptor of the spatial distribution of particle centroids is the nearest neighbor distribution function [2] . It is described by the probability density function P(R) such that P(R).dR is the probability that there is no other particle centroid in a sphere of radius R around an arbitrary particle, and that there is at least one particle centroid in the spherical shell of radii R and (R + dR). In a metallographic plane (two-dimensional section) through three-dimensional microstructure, the nearest neighbor distribution function of particle section centers is defined by the probability density function 6(r) such that 6(r)'dr is the probability that there is no other particle section center in a circle of radius r around an arbitrary particle section, and that there is at least one particle section center in a circular shell of radii r and (r + dr).
Another important descriptor of the spatial distribution of particle centroids is the radial distribution function [2-4]. It is described by the function G(R) such that nR2"Nv'G(R)'dR is equal to the average number of particle centroids in a spherical shell of radii R and (R + dR) around an arbitrary particle centroid. N, is the average number of particle centroids per unit volume of three-dimensional micro-
structure.
Therefore, for a completely random distribution of point particles, G(R) is equal to one.
Analogously, the radial distribution function in a metallographic plane, g(r), is defined such that 2rtr.N^.g(r).dr is equal to the average number of particle section centers in a circular shell of radii r and (r + dr) around an arbitrary particle section. N A is the average number of particle section centers per unit area of metallographic plane.
A practical and efficient digital image analysis technique is available for experimental estimation of the radial distribution function g(r) and the nearest neighbor distribution 6(r) in a metallographic plane [5] . These functions can also be calculated for a random plane through simulated three-dimensional microstructure.
If 
Metallography
The specimens were cut, mounted and polished on a series of SiC polishing papers, and then followed by polishing on diamond cloths on automatic polishing wheels. Figure  3 shows a typical microstructure revealed in this manner. Note that the carbon particles are round, and there is a range of particle sizes. In 
Digital image analysis
In this material, the contrast between the particles and the matrix is not very good, and therefore several image editing steps are necessary to develop the appropriate image contrast for subsequent measurements on the digitized images [12] . The image analysis was carded out on the images at the microscope magnification of 500 x. At this magnification, the observed particle sizes are about 50 pixels, which allows the measurements of particle sizes and interparticle distances with an error of less than +5°/,.
The measurements were performed on more than 100 fields of view on each specimen to ensure sampling of at least 3000 particles from each specimen. The centroid coordinates (referred to the same origin) and
the particle section size of each particle were measured using an image analysis procedure described in detail elsewhere [5] . From these data, the radial distribution function and nearest neighbor distribution function of the particle section centroids in the metallographic plane were estimated (see Ref.
[5] for details). These descriptors quantify the spatial arrangement of the particle sections in the metallographic plane. (2) The size frequency function of the spheres is specified in terms of a histogram representation having 50 regularly spaced size classes. The absolute number of spheres in a given size class is directly proportional to the particle volume fraction to be simulated.
(3) The particles are then generated one by one according to the Boolean model [9] , where the particle centroids are randomly located in the microstructural space and particles are allowed to freely overlap. 
The three displacement vectors on the right-hand side of equation (1) pertain to the overlap vectors for the particle pairs n and i, n and j, and n and k, as defined in step (4). Repulsion strength, M is one of the parameters of the model. In the present study, M was set to be equal to 2. Figure 8 illustrates the geometry involved in equation (I).
(7) The net displacement vector [step (6) ] is calculated for all the overlapping particles in the system, the magnitude of maximum particle overlap, 3, is calculated.
(9) The maximum permissible particle overlap, _, in the final microstructure is an input parameter of the model whose value has to be specified. In the present case, _, was set to be equal to one tenth of the average particle diameter. If z > _ then, the steps (5)- (8) are repeated as the next iteration of the simulation.
These iterations are continued until the actual maximum overlap r reaches a value lower than the set maximum value _ ; at that point the simulation is terminated. Figure  7 shows a two-dimensional section through a typical three-dimensional microstructure simulated in this manner.
Adjustable model parameters one face of the specimen to another face. If there is not a single particle chain connecting the two faces of the specimen, then the conductivity is expected to be zero. Thus, there is a microstructural percolation threshold:
there exists a critical volume fraction of the particles f* below which the probability of the formation of a continuous particle chain is almost zero, and consequently the electrical conductivity is also zero. This critical volume fraction f* depends on the size distribution of the particles.
As the particle volume fraction fincreases beyond f*, there are more continuous pathways for the electrical conduction, and more particles participate in the conduction process.
In this stage, the conductivity is a direct function of the volume fraction of the particles that actually participate in the conduction process. This is illustrated in Fig. 12 there is a continuous path that goes through two different inter-particle contacts of the same particle, and connects opposite faces of the specimen across which an electrical potential is applied (see Fig. 12 ). Figure  14 shows the plot of experimentally measured electrical conductivity vs the effective particulate volume fraction f,.
The values of f_ were obtained from the global volume fraction f by using the curve in Fig. 13,  obtained from computer simulations. The data is in good agreement with the predictions of equation (5) . The conductivity is zero for effective particulate volume fraction less than about 0.33, as predicted.
However, the slope of the linear region of the plot yields 43 S/m for the effective conductivity of the carbon particulate phase, which is lower than the reported bulk conductivity of carbon (200 S/m) by a factor of five or so. This is not surprising, because the inter-particle contact resistance is expected to be significantly higher than the bulk electrical resistance. Thus, the effective conductivity of the particulate reflects the conductivity of the inter-particle contacts rather than the bulk conductivity of carbon. It follows that the calculated value of 43 S/m essentially represents the conductivity of the inter-particle contacts, and therefore it is reasonable.
CONCLUSIONS
Computer simulation of a three-dimensional rnicrostructure is useful to quantify the microstructural attributes associated with the "connectedness" that are difficult to measure experimentally. In this study, computer simulated three-dimensional microstructures were used to estimate the morphological percolation volume fraction for electrical conduction, and particulate volume fraction that is effective in the electrical conduction in a polymer matrix composite.
These calculated values are successfully utilized to predict the conductive particulate volume fraction dependence of the electrical conductivity in a polymer matrix composite where the matrix is dielectric.
